Background Allograft tissues can undergo several freezethaw cycles between donor tissue recovery and final use by surgeons. However, there are currently no standards indicating the number of reasonable freeze-thaw cycles for allograft bone and it is unclear how much a graft may be degraded with multiple cycles.
Questions/purposes
We therefore asked whether (1) the mechanical properties of fibular allograft bone would remain unchanged with increasing numbers of freeze-thaw cycles and (2) histologic alterations from increased numbers of freeze-thaw cycles would correspond to any mechanical changes. Methods Fibular allograft segments were subjected to two, four, and eight freeze-thaw cycles and compared biomechanically and histologically with a control group (one freeze-thaw cycle). Two freeze-dried treatments, one after being subjected to one freeze-thaw cycle and the other after being subjected to three freeze-thaw cycles, also were compared with the control group. Results For all segments, the average ultimate stress was 174 MPa, average modulus was 289 MPa, average energy was 2.00 J, and the average stiffness was 1320 N/mm. The material properties of the freeze-thaw treatment groups were similar to those of the control group: ultimate stress and modulus were a maximum of 16% and 70% different, respectively. Both freeze-dried treatments showed increased stiffness (maximum 53% ± 71%) and energy to failure (maximum 117% ± 137%) but did not exhibit morphologic differences. There were no alterations in the histologic appearance of the bone sections in any group. Conclusions Fibular allograft segments can be refrozen safely up to eight times without affecting the biomechanical or morphologic properties. Freeze-dried treatments require further study to determine whether the detected differences are caused by the processing. Clinical Relevance Cryopreserved cortical allografts are thawed by surgeons in preparation for procedures and then occasionally discarded when not used. Refreezing allograft tissues can result in a cost savings because of a reduction in wasted graft material.
Introduction
Structural allograft bone has various applications in orthopaedic surgery, including nonunion reconstruction, bridging bone defects, periprosthetic fracture repair, tumor reconstruction, arthrodesis, treatment of avascular necrosis, and spine surgery [2-4, 7, 11, 15, 16] . Although such procedures generally are successful, complications relating to unanticipated allograft fracture have prompted investigation into possible sources of allograft failure, including storage and handling conditions [5] . Allograft bone typically is frozen at temperatures less than À40°C and can be stored up to 5 years according to American Association of Tissue Banks Standards [1] , which specify how the grafts are stored and the temperature for long-term frozen storage. These grafts then are thawed before clinical use according to product specifications. However, there are no current regulations or guidelines that govern the number of times a graft can be thawed and refrozen. In reality, allografts might be subjected to multiple freeze-thaw cycles at the tissue bank and surgical center location.
In clinical settings, a surgeon might arrange for allograft bone to be available for a procedure, but then it might go unused and subsequently be discarded. As graft temperature is not closely monitored, it is possible grafts that are believed to be frozen but in fact have passed through the water phase transition temperature are placed back into the freezer for future use. Safely refreezing the graft without compromising strength, immunogenicity, or sterility would lower costs by minimizing wasted graft material. Regarding graft strength, it is postulated refreezing of water in the bone material could cause microdamage to the cortical structure via expansion, analogous to the damage that occurs to pavements in cold climates, thus resulting in a weaker graft.
Studies investigating the effects of freeze-thaw cycles on musculoskeletal tissue graft properties have reported mixed findings [6-10, 12-14, 17] . One study analyzing bone-patellar tendon-bone grafts found no differences in stress or strain between fresh grafts and those subjected to one or two freeze-thaw cycles [8] . Another found four freeze-thaw cycles decreased the ability of meniscal allografts to resist compressive forces [9] . A third, more-recent study reported that as many as eight freeze-thaw cycles do not affect the biomechanical properties of bone-patellar tendon-bone grafts [6] . However, it is difficult to ascertain the effect of freeze-thaw cycles on bone using data derived from soft tissue, and studies on allograft cortical bone are limited and differ in their findings. Two studies showed torsion and bending properties of freeze-dried allograft bone were weaker after processing and storage [12, 17] . In contrast, other studies found as many as five freeze-thaw cycles do not affect the biomechanical properties of cancellous bone [10, 14] and long-term freezing reduces immunogenicity of grafts but does not decrease the biomechanical properties [13] . Thus, additional research on how freezing cycles affect bone biomechanics and morphology is clearly warranted.
We therefore asked whether (1) the mechanical properties of fibular allograft bone would remain unchanged with increasing numbers of freeze-thaw cycles and (2) histologic alterations from increased numbers of freezethaw cycles would occur.
Materials and Methods
We recovered the left and right fibulae from 18 researchconsented cadaveric donors (seven men, 11 women; 39-75 years old). Each fibula was thawed, debrided, cut into three 80-mm-long segments (Fig. 1) , and subjected to the Allowash 1 (Lifenet Health; Virginia Beach, VA, USA) bioburden reduction process. One segment was randomly selected as the control and immediately tested, as a minimum of one freeze-thaw cycle is incurred between tissue recovery and processing. The remaining segments were randomly assigned to one of the five treatment groups: two, four, or eight total freeze-thaw cycles, one total freezethaw cycle plus freeze-drying, or three total freeze-thaw cycles plus freeze-drying. These specific treatments were chosen to span the range between the minimum and maximum cycles expected to be encountered by graft material between recovery and use. The maximum number of eight freeze-thaw cycles was chosen by consultation with American Association of Tissue Banks [1] and other published data [6] . Each treatment was represented once within a donor, thus each treatment had an n = 18. A freeze-thaw cycle is defined as a tissue being frozen (at À40°C or colder) and then allowed to warm until the residual water undergoes the solid to liquid phase change (*1°-2°C), as measured by calibrated thermistor. Freezedrying was conducted according to validated protocols to result in a moisture content less than 6% by weight (Community Tissue Services; Dayton, OH, USA).
After the assigned number of freeze-thaw cycles was achieved, each specimen was thawed and then imaged in a CT scanner (Model XCT-2000; Stratec Medizintechnik GmbH, Pforzheim, Germany) to measure geometric parameters. CT slices were obtained at three locations in the middle portion of the segment (at the midpoint and ± 4 mm from it). The segment was placed on a radiotranslucent fixture with the same configuration as the bending fixture and in the same orientation as it would be for testing, ie, resting on two anvils with a span equivalent to the bending fixture. The measurements (ie, area moment of inertia, cortical thickness, and neutral axis dimension) used for the analysis were averaged over the three slices.
The area moment of inertia is the resistance of an object to bending, and the neutral axis is the plane in the cross section where bending stresses are zero.
Immediately before mechanical testing, 5-mm sections were removed from the end of the segment (Fig. 1 ), placed in 10% buffered formalin, decalcified, dehydrated through a gradient of alcohols, infiltrated and embedded with paraffin, cut in cross section at 5-lm thickness, and stained with hematoxylin and eosin for histologic analysis. Remaining specimens were tested in three-point bending by loading to failure at a strain rate of 0.5 mm/second on a materials testing system (ElectroPuls TM E3000; Instron Corp, Norwood, MA, USA) ( Fig. 2) .
Structural parameters (load, extension) were directly measured, from which material parameters (stress, strain) were derived using specimen dimensions obtained from the CT data. Stiffness and modulus were calculated as the slope of the force-displacement curve and stress-strain curve, respectively, between 20% and 80% of the peak force or stress. Stress (r) and strain (e) were calculated as:
where F = measured load, L = span between anvils (50 mm), y x = maximum distance from cortical edge to horizontal axis, I x = area moment of inertia about the horizontal plane, D = measured deflection, and l 0 = cortical thickness. Energy was calculated by integrating the force-displacement curve to the point of failure. Ultimate stress, stiffness, energy, and modulus were normalized to the control for each donor as a percent error. One author (GPB) evaluated each histologic section. One section from each treatment (n = 6 donors) was evaluated blind to the treatment. Sections were evaluated for cracking of the tissue, presence of osteocytes, alterations in the appearance of the Haversian canals, changes in the lamellae, and any alterations in the canaliculi. The sections were evaluated on a 0 to 3 scale with 0 = no significant alteration, 1 = mild change, 2 = moderate change, and 3 = severe change.
We used a two-way ANOVA (Minitab 16, State College, PA, USA) to test for differences between donors and/ or treatments, and Tukey's post hoc test for pairwise treatment comparisons. Pearson's correlation coefficients were calculated for the response measures against donor age, gender, and segment location, and plotted in a correlation matrix. The Kruskal-Wallis nonparametric test was used to detect differences among the histologic measures.
Results
For all segments, the average ultimate stress was 174 ± 59 MPa, average modulus was 289 ± 217 MPa, average Fig. 1 A schematic diagram shows the test segment preparation. Control = one total freeze-thaw cycle; 2FT, 4FT, 8FT = two, four, eight total freeze-thaw cycles; 1FT-FD = one total freeze-thaw cycle plus freeze-drying; 3FT-FD = three total freeze-thaw cycles plus freezedrying. Each fibula (n = 18 pairs) was divided into six segments, one segment for each treatment so that all treatments were represented within a donor.
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Allograft Bone Response to Freeze-thaw Cycling 939 energy was 2.00 ± 1.83 J, and the average stiffness was 1320 ± 511 N/mm. ANOVA on the normalized data indicated differences between treatment groups and control for stiffness and energy. Post hoc analysis revealed an increase in stiffness between both freeze-dried treatments and the control and an increase in energy between two freeze-thaw cycles and the control ( Table 1 ). All failures were characteristic of long-bone fractures resulting from bending, ie, a transverse or short oblique pattern originating at the application of load. We observed donor-to-donor variation for all biomechanical measures: stress p = 0.002, modulus p \ 0.001, energy p = 0.036, and stiffness p \ 0.001. None of the mechanical measures correlated with donor age or gender (Fig. 3) . Segment, which indicates the longitudinal location of the sample, correlated with the stress and modulus, indicating the more distal portions had lower material properties values.
Structurally, the bones had no evidence of damage from the freeze-thaw process. Histologic changes included cellular debris in the Haversian canals in all but one section. Cells including osteocytes either were absent or were dead in the sections. There also was mild cracking in the lamellae of three sections. All three of these sections were overdecalcified, so this cracking likely is sectioning artifact. No differences were observed between treatment groups for any bone characteristics analyzed, including Haversian canals, lamellae, osteocytes, and canaliculi (Fig. 4) . The size, shape, orientation, organization, physical damage, and staining characteristics of the Haversian canals, lamellae, and canaliculi were unaffected by the freeze-thaw processes. All parameters had scores of 0 indicating no change except for the three lamellae sections with scores of 1. The only consistent feature resulting from the freeze-thaw cycle was the death of the cells in the sections, which is an Fig. 2A-B The test setup is shown with a sample (A) before testing and (B) immediately after failure. The typical spiral failure pattern, as experienced in our study, is shown in this illustration. Values are expressed as average ± SD percent error from control; * treatments different (p \ 0.05) from control; control = one total freezethaw cycle; 2FT, 4FT, 8FT = two, four, eight total freeze-thaw cycles; 1FT-FD = one total freeze-thaw cycle plus freeze-drying; 3FT-FD = three total freeze-thaw cycles plus freeze-drying. expected response in the tissue. We observed no differences in the appearances of the Haversian canals (p = 0.416), lamellae (p = 0.416), osteocytes (p = 0.416), or canaliculi (p = 1.000) between the treatments.
Discussion
Allograft bone is relied on to provide structural support in cases of substantial bone loss. Differences in graft handling by tissue banks and surgery centers before implantation could potentially introduce material property changes that may weaken the graft, which could lead to early failure and the need for additional surgery. All bone allografts endure one freeze-thaw cycle between donor tissue recovery and processing, and frozen allografts occasionally are subjected to an additional cycle between processing and distribution to surgical centers. Freeze-dried allografts are frozen once between recovery and processing and then frozen before the freeze-drying process. Subsequent freeze-thaw cycles can occur once the allograft has been distributed to a surgical center, but these grafts potentially are discarded if they have been thawed and not used. We therefore asked whether (1) the mechanical properties of fibular allograft bone would remain unchanged with increasing numbers of freeze-thaw cycles and (2) histologic alterations from increased numbers of freeze-thaw cycles would occur.
We acknowledge limitations to our study. First, the donor-to-donor variation was large. The analysis indicated age and gender were correlated to the moment of inertia, ie, the female donors in our sample population tended to be older than the male donors and thus had thinner cortical walls and a lower moment of inertia. In general, however, structural allografts are not typically created from cortical bone recovered from older, female donors. Further confounding the variability is the fact that the material parameters decreased along the length from proximal to distal indicating the heterogeneity of the samples added variability to the study design. Using more heterogeneous samples would likely reduce the variability. Second, we did not examine subfailure fatigue properties with cyclical loading that might better indicate mechanical differences between frozen and lyophilized grafts. Stiffness was greater for both. Third, in vitro testing does not reflect changes that occur in the allograft bone attributable to tissue remodeling and revascularization once the tissue is implanted. Although the structural properties do not change, incorporation and graft healing might be affected by increasing freeze-thaw cycles. Allograft bone serves as a scaffold with osteoconductive properties and is penetrated by vessels from the host bone for incorporation. One study found freezing bone grafts does not influence the structure for osteoconduction or change its ability to incorporate with the same biomechanical competence [12] . In vivo studies can now be performed to determine whether the osteoconductive and incorporative abilities remain with multiple freeze-thaw cycles. Fourth, only one author (GPB) reviewed the histologic morphometry and evaluated the changes using an unvalidated scoring system. However, this author is a trained veterinary pathologist and the scoring system used was an ordinal scale of increasing evidence of morphologic change.
The mechanical properties of fibular allograft bone remain unchanged with increasing numbers of freeze-thaw cycles. The material parameters, stress, and modulus were unaffected by increasing freeze-thaw cycles or even by freeze-drying. These results are in line with those of other authors regarding soft tissue [6, 8, 9] and hard tissue [10, 13, 14] as a result of freezing and thawing cycles. Two previous studies [12, 17] found that processing and storage caused freeze-dried allograft bone to be weaker, but we did not compare our samples with the same control group. However, the results for energy to failure and stiffness seem to indicate some subfailure differences might exist between freeze-dried and nonfreeze-dried bone segments when comparing the graft rather than the material, ie, fibula segment versus cortical bone.
Histologic alterations from increased numbers of freezethaw cycles do not occur. Our observations suggest there is no effect on the histologic appearance or failure properties of fibular bone segments when subjected to as many as eight freeze-thaw cycles and/or freeze-drying. Furthermore, there is no detectable trend of property change as the number of cycles increase.
Cryopreserved cortical allografts are thawed by surgeons in preparation for procedures and then occasionally discarded when not used. Refreezing allograft tissues can result in a cost savings because of a reduction in wasted graft material. Our observations suggest fibular allograft segments can be refrozen up to eight times without affecting the biomechanical or morphologic properties. Observations from the current study along with those of previous researchers [6, 8-10, 13, 14] indicate that soft tissue and hard tissue allografts may be safely refrozen for future use. Freeze-dried treatments require further study to determine whether the detected differences are caused by the processing or uncontrolled experimental variation.
